[1] The latitudinal structure of the nighttime thermospheric mass density at 385 km has been investigated using observations made by the accelerometer onboard the CHAMP satellite between 2002 and 2007. The nighttime thermospheric mass density had a clear latitudinal variation. There was a local density peak around the geographic equator and two minima at about ±30°. This nighttime equatorial mass anomaly (NEMA) was opposite to the latitudinal variations of the daytime ionospheric equatorial anomaly and thermospheric mass density anomaly as both have minima at the magnetic dip equator and maxima around ±20°in magnetic latitudes. This anomalous behavior of the nighttime thermospheric mass density had strong local time, seasonal, hemispheric, and solar cycle dependences. The largest crest-to-trough ratio between the peak density at the equator and the minima at the anomaly latitudes (±30°) occurred between 0000 and 0200 local time. The NEMA appeared to be more pronounced during solstice seasons. It was also stronger during solar minimum than during solar maximum. In addition, under the same geophysical conditions, the empirical NRLMSISE-00 model shows similar but much weaker nighttime mass density anomaly features at low and middle latitudes. A highresolution National Center for Atmospheric Research-Thermosphere Ionosphere Mesosphere Energetics Global Circulation Model (TIMEGCM) simulation reproduced most of the observed latitudinal variations of the nighttime mass density as well as the thermospheric midnight temperature maximum (MTM). Model results suggest that superposition of diurnal and semidiurnal migrating tides of modes up to wave number 6 is the likely cause of both the NEMA and MTM phenomena.
Introduction
[2] Thermospheric mass density has significant impacts on the tracking, positioning, and lifetime of the satellites. Thus, the variations of thermospheric mass density under various geophysical conditions, such as solar and geomagnetic activity, have been one of the major research topics in both observations and theoretical studies. The thermospheric mass density has mostly been measured in situ using satellites. Empirical models of the thermosphere have been built based on these observations. For instance, the Jacchia thermospheric models are developed using thermospheric mass densities retrieved from satellite orbit decays [Jacchia and Slowey, 1968; Jacchia, 1977; Bilitza, 1992] . The Mass Spectrometer and Incoherent Scatter Radar (MSIS) model is constructed from satellite-born mass spectrometer data [Hedin et al., 1974 [Hedin et al., , 1977 Hedin, 1983 Hedin, , 1987 . Thermospheric mass density can also be obtained from satellite-born accelerometer measurements [Boudon et al., 1979; Falin et al., 1981; Reigber et al., 2002] . Recently, thermospheric mass density data derived from measurements by the accelerometer onboard the Challenging Minisatellite Payload (CHAMP) satellite have been used to study the global distributions of the thermospheric mass density and its changes with geophysical conditions [Bruinsma et al., 2004; Liu et al., 2005 Liu et al., , 2007 Guo et al., 2007 Guo et al., , 2008 Forbes et al., 2008; Müller et al., 2009] .
[3] Liu et al. [2005] studied latitude and magnetic local time variations of the mean thermospheric mass density at low and middle latitudes using CHAMP data. They showed that at 400 km the daytime thermospheric density had maxima at about ±20°-25°geomagnetic latitude and a trough near the magnetic equator. This Equatorial Mass Anomaly (EMA) is similar to the latitudinal structure of the equatorial ionospheric electron density anomaly. Liu et al. [2007] further investigated the climatology of the EMA phenomenon using the CHAMP data from 2002 to 2005. They found that EMA had significant seasonal and solar activity variations. The EMA was most pronounced during equinoxes and enhanced with increasing solar activity.
[4] There have not been many studies on the latitudinal variations of the nighttime thermospheric mass density at low and middle latitudes. Hedin and Mayr [1973] showed using Ogo 6 mass spectrometer data that at 0600 LT on 16 March 1970 the thermospheric mass density had a maximum, instead of minimum, around the equator. Ching and Carter [1974] gave thermospheric density observations at 230 km around midnight in April-May 1972. They indicated that the thermospheric mass density was generally low at middle to high latitudes in the Southern Hemisphere, and sometimes, there was a deep troughlike minimum at lower latitudes. There was also a small density maximum in the equatorial region. It is of great interest to see if these latitudinal structures are the common features of the thermosphere and if they also occur at other altitudes.
[5] In this paper we use thermospheric mass density data derived from CHAMP accelerometer measurements between 2002 and 2007 to investigate latitudinal variations of the nighttime thermospheric density around 385 km at low and middle latitudes under quiet geomagnetic conditions (Ap < 15). Statistical analysis is carried out to study the dependence of these latitudinal variations on local time, season, and solar activity. A high-resolution National Center for Atmospheric Research (NCAR)-TIMEGCM simulation was also conducted to investigative the possible mechanisms that result in the observed latitudinal variations in neutral mass density.
Data Analysis
[6] In this study we use thermospheric mass density derived from the accelerometer measurements made by the CHAMP satellite. The CHAMP satellite was launched in 2001 to a polar, near-circular orbit with an inclination of 87.3° [Reigber et al., 2002] . The high-inclination orbit provides nearly complete latitudinal coverage at a particular local time. A full sampling of all local times takes about 133 days. The procedure of deriving thermospheric mass density form the CHAMP accelerometer along the satellite track has been described in detail by Sutton et al. [2005] and Bruinsma et al. [2004] . These derived CHAMP neutral density data (version 2.1) from 2002 to 2007 are used in this study.
[7] We first analyze latitudinal variations of the nighttime thermospheric mass density on a particular day under quiet geomagnetic conditions (Ap < 15). For that day we averaged the data in every 5°latitude bin between 75°S and 75°N for all nighttime orbits. The resulting mass density along the satellite track had roughly the same local time (LT) because the CHAMP satellite has a very low precession rate. Here we define nighttime orbits as those between 2230 and 0430 LT. The CHAMP satellite orbit is not completely circular, the altitude of the satellite changes by about 20-30 km per orbit at different latitudes. In addition, the satellite orbit also decays with time because of drag. Thus, when analyzing CHAMP thermospheric mass density data, we need to remove the changes introduced by the altitude variations of the satellite. In this paper we used the NRLMSISE-00 [Picone et al., 2002] to normalize the CHAMP mass density to a reference height of 385 km, which was the averaged CHAMP orbit height between 2002 and 2007,
where r(h) is the thermospheric mass density at a normalized height h, r(z) is the CHAMP observed mass density at the satellite orbit height z, and r M is the corresponding mass density obtained from the NRLMSISE-00 model. It is worth noting here that this normalization procedure may introduce additional errors to data because the model may not predict the right altitude profile of the thermosphere at each latitude. However, because the normalization was applied within one scale height (<50 km), the errors introduced by this procedure are small. Therefore, this normalization procedure would not significantly affect statistical and climatological results presented in this paper.
[8] To remove the effect of changes of solar EUV radiation on thermospheric mass density, we carried out a regression analysis on the CHAMP density data from 2002 to 2007 to obtain a set of quadratic polynomial function between nighttime (and daytime) mass density and solar radio 10.7 cm flux index P 10.7 .
where is latitude, P 10.7 is defined as P 10.7 = (F 10.7 + F 10.7a )/2, F 10.7 is the solar 10.7 cm radio flux of the day before the observation, and F 10.7a is the 81 day average of F 10.7 centered at the observation day. Recent studies show that P 10.7 is a better index to describe the thermospheric and ionospheric variations with solar radiation [Hinteregger et al., 1981; Richards et al., 1994; Liu et al., 2006; Guo et al., 2007; Ma et al., 2009] .
[9] To further reduce the effect of solar radiation and to minimize the error introduced by the regression analysis, we divided the CHAMP data into two groups : 2002-2004 and 2005-2007 . These two groups represent two levels of solar activity. We normalized the mass density data between 2002 and 2004 to P 10.7 = 140 solar flux units (sfu) (10
Hz −1 ) for high solar activity conditions and those between 2005 and 2007 to P 10.7 = 85 sfu for low solar activity conditions. The f function changes with latitude and is different for daytime and nighttime. However, the coefficients are the same for solar maximum and minimum. This normalization procedure is applied when statistical analysis is carried out. For case studies, however, the normalization procedure is not necessary.
Results

Nighttime Equatorial Mass Anomaly
[10] Figure 1 shows thermospheric mass densities from CHAMP at six nights in different months. The titles of each column give the dates that the observations were made and P 10.7 and A p values on these days. Note that we are interested here in the latitudinal variations of the mass density on a particular day; thus, no normalization was made on solar radiation levels (P 10.7 ). The top row in Figure 1 gives scat- The third row from top shows local times of satellite orbits. The fourth row from top gives the mass densities normalized to the averaged orbit heights for each day and error bars. The bottom row shows the ratio of mass density normalized to the peak mass density around the geographic equator (maximal density within ±15°).
tered plots of the raw mass density derived from CHAMP accelerometer observations at nighttime (about 15 orbits) for these 6 days. The solid lines are the averages for each 5°latitude bin. The second row from top shows the altitudes of satellite orbits, which were different for each day and changed with latitude. The averaged orbital heights for each night are also given. The third row from top shows the local time of satellite orbits. For each day nighttime orbits had roughly the same LT. The fourth row from top gives the mass densities normalized to the averaged orbit heights for each day and error bars in 5°latitude bins. It is evident that both the raw data and the normalized density had significant latitudinal variations at all six nights. The mass density was larger at middle and high latitudes; became smaller at lower latitudes, with minima occurring around ±30°; and then had a local maximum around the geographic equator. This nighttime equatorial mass anomaly (NEMA) was the opposite of the daytime equatorial mass anomaly reported by Liu et al. [2005 Liu et al. [ , 2007 , which had a mass density minimum around the geomagnetic equator. On 11 May 2007, 13 July 2004, and 20 September 2006, the NEMA was narrower, with minima occurring mostly around ±30°, whereas on 12 January 2007, 22 March 2005, and 15 November 2004, the NEMA was wider, with broad density peaks at the geographic equator and density minima occurring at latitudes of ±40°or even higher.
[11] The NEMA also has seasonal variations. It appears that the minima in the winter hemisphere were deeper and wider than those in the summer hemispheric ( [12] The plots of the normalized mass densities in the fourth row have different scales because thermospheric mass density changes with season and solar radiation. To better understand the strength of the NEMA, we plot in the bottom row of Figure 1 the latitudinal variations of the ratio of mass density against the peak mass density around the geographic equator (maximal density within ±15°) for each day. That is, for each day, we divided the normalized mass density at the averaged orbit altitude by the peak mass density near the equator. This will make it easier to see amplitudes of latitudinal changes and the locations of density peaks and valleys, as well as their ratios. It is evident that 11 May 2007, 13 July 2004, and 20 September 2005 had the strongest NEMA. The crest-to-trough ratios, which are the ratio of equatorial peak mass density versus the averaged minimal density in the two troughs, were 1.29, 1.17, and 1.47 for these 3 days, respectively.
Monthly and Solar Activity Variations of the Nighttime Equatorial Mass Anomaly
[13] To study the monthly variations of the NEMA, we separated the CHAMP data into two groups: [2002] [2003] [2004] (high solar activity) and 2005-2007 (low solar activity). For the first group, the mass density was normalized to an altitude of 385 km and P 10.7 of 140. For the second group, the mass density was normalized to the same altitude but to a P 10.7 value of 85. All data were selected to be under geomagnetic quiet conditions (Ap < 15) and between 2230 and 0430 LT.
The data in each group were then binned in grids of 5°in latitude and 1 month in time. In each bin there were about 700 data points that is sufficient to carry out statistical analysis. This binning method smoothed out local time variations of the NEMA.
[14] Figures 2 and 3 (top left) give the nighttime (2230-0430 LT) monthly mean mass density ratios (normalized to the peak density around the geographic equator (maximum density within ±15°) for each bin) at 385 km for the high solar activity (2002) (2003) (2004) case and low solar activity (2005) (2006) (2007) case, respectively. For comparison, mean density ratios from the NRLMSISE-00 are also given in Figures 2 and 3 (top right) under the same geophysics conditions as those of the CHAMP observations and along the same CHAMP satellite orbits. Figures 2 and 3 (bottom) show daytime (1030-1630 LT) mass density ratios from CHAMP (left) and NRLMSISE-00 (right), respectively.
[15] Figures 2 and 3 show that there was nighttime equatorial mass density anomaly over the entire year, and it was most pronounced during winter solstice seasons in each hemisphere. The winter hemisphere had deeper density troughs, and these troughs tended to occur at higher latitudes. These large-density depletions in the winter hemisphere were the combination of the regular summer-to-winter density deceases and the NEMA. The density depletion was weaker in summer. The NEMA was also stronger during solar minimum for all seasons. The NRLMSISE-00 also had the signature of NEMA although the magnitude of the NEMA was smaller than the observed one for all 12 months. Another difference between the NEMA observed by the CHAMP satellite and the one in NRLMSISE-00 was that the density peak in observed NEMA located around the geographic equator, whereas that in the NRLMSISE-00 was offset from the geographic equator. For instance, the equatorial density peaks in NRLMSISE-00 occurred at about 15°north of the geographic equator between April and October, whereas density peaks in the CHAMP data located very close to the geographic equator for both high and low solar activity conditions.
[16] Note that Figures 2 and 3 give the seasonal variations of the thermospheric mass density ratios (normalized to the maximum density in the equatorial region, ±15°); thus, they are different from the actual seasonal changes of the absolute mass density. During daytime, the thermospheric mass density had peaks in the equatorial anomaly region and a minimum north of the geographic equator. This is consistent with Liu et al. [2007] that showed that daytime density minimum was aligned with the geomagnetic equator. Thus, on average, daytime density minimum occurs north of the geographic equator. This latitudinal variation of the daytime thermospheric mass density was more pronounced for high solar activity levels and more evident in equinox than in solstice (Figure 2 , bottom left). Our results of the daytime latitudinal variations of the thermospheric mass density are the same as those reported by Liu et al. [2005 Liu et al. [ , 2007 . The NRLMSISE-00 shows a daytime latitudinal signature that was roughly the same as that of the CHAMP observations. Furthermore, neutral mass density was higher in the summer hemisphere in both CHAMP data and NRLMSISE-00. The CHAMP data, however, had a higher mass density, relative to that in the equator, than the NRLMSISE-00 did. The density peak in the CHAMP data during solstices occurred also at higher latitudes.
[17] Figures 2 and 3 give latitudinal changes of the mass density relative to that in the geographic equator. The local density peak in the equatorial region might not occur right at the equator. To obtain the magnitude of the NEMA relative to the local density peak in the equatorial region in different seasons, we divided the monthly mean mass density in each latitude bin by the peak mass density around the geographic equator within ±15°. The resulting latitudinal variations of mass density ratios relative to the mass density peak in the equatorial region are shown in Figures 4 and 5 for each There are also differences between the two in both the location and magnitude of the NEMA. These differences are statistically significant, indicating that MSIS may not have the latitudinal variations seen in CHAMP data. It is worth noting here, however, that the height normalization procedure used in our analysis may introduce errors to the normalized CHAMP data because the model may not accurately predict the true altitude profiles (scale height) of the thermosphere at each latitude. Nevertheless, these errors do not seriously affect the statistical results presented here. The qualitative and climatology description of the NEMA by the CHAMP data should be representative of the latitudinal variation of the thermospheric density. In addition, the changes of the latitudinal structure with season are very interesting. Under high solar activity conditions (Figure 4) , from October to March, Southern (summer) Hemisphere had a higher mass density than the Northern (winter) Hemisphere did, whereas from April to August, it was exactly the opposite. The transition of the summer-winter hemispheric asymmetry appeared to be between March and April and between August and September. Under low solar activity level (Figure 5 ), the spring equinox transition occurred also between March and April but that in the fall happened later in October that, in fact, was the only month that had roughly hemispheric symmetry in mass density. The seasonal changes in the absolute neutral mass density are a very interesting topic and will be investigated further in a separate study.
Local Time and Longitudinal Variations of the Nighttime Equatorial Mass Anomaly
[18] In this section we separated the CHAMP data into four seasons: March equinox (ME), June solstice (JS), September equinox (SE), and December solstice (DS) for low and high solar activity conditions. Each season had 91 days centered at either equinox or solstice. In each season, the CHAMP data were normalized to the density at the geographic equator and then binned hourly from 2200 to 0600 LT to study the evolution of the NEMA with local time.
[19] Figure 6 gives latitude and local time contours for four seasons: March equinox (ME), June solstice (JS), September equinox (SE), and December solstice (DS) (top to bottom) under low (right) and high (left) solar activity conditions, respectively. For solar minimum conditions, during equinox (ME and SE), the NEMA began at about 2300 LT, Figure 4 . Latitudinal distribution of the monthly mean nighttime mass density ratio (normalized to the maximal density around the geographic equator, lines with solid square) at 385 km for solar maximum (P 10.7 = 140) conditions. The density ratios from the NRLMSISE-00 model for the same conditions are also gives by red lines. maximized around 0100 LT and disappeared at about 0300 LT. During solstice (JS and DS), the NEMA occurred about the same time as that during equinox but lasted longer into early morning hours. The NEMA occurred at lower latitudes and then moved to higher latitudes as time progressed. For solar maximum conditions, the NEMA appeared to occur early in local time and weaker in magnitude.
[20] Figure 7 shows latitude and longitude maps of the normalized mass densities at 385 km for low and high solar activity conditions in different seasons. The red lines indicate the location of the dip equator of the dipole magnetic field. It is evident that the NEMA was roughly symmetric around the geographic equator. There were no clear correlations between the latitudinal changes of nighttime thermospheric mass density and magnetic latitudes. In addition, the mass density had evident longitudinal structures with 2, 3, or 4 peaks, depending on season and solar activity. These longitudinal structures were similar to those in the ionosphere [e.g., Immel et al., 2006; Lin et al., 2007] and were probably the results of upward propagating nonmigrating tides from the lower atmosphere .
Discussion
[21] The neutral mass density derived from the CHAMP accelerometer has a high-temporal/latitudinal resolution along the satellite track from pole to pole. There may be uncertainty as well as errors in the absolute values in the retrieved neutral mass density, but the relative density changes along the satellite track should give information about the latitudinal variations of the mass density during nighttime as shown in Figure 1 . These nighttime latitudinal variations were evident both before and after the retrieved mass density being normalized to a fixed height for each orbit. Our results show that the nighttime equatorial mass anomaly was a phenomenon that occurred regularly. There were also solar cycle and seasonal variations in the magnitude of the NEMA that occurred unambiguously in the CHAMP data. In our statistical analysis, the standard deviation is large (see error bars in Figures 1, 4, and 5) . This large spread of data is probably caused by experimental errors, density changes in time, normalization to the reference height and solar activity level, and binning data from different dates, etc. However, the latitudinal variations reported in this paper is statistically significant, and thus, these large deviations will not seriously affect our qualitative and climatological results.
[22] The equatorial bulge of neutral mass density has been included in the widely used thermospheric empirical model MSIS [e.g., Hedin et al., 1977] as well as its later versions using early observations reported by Hedin and Mayr [1973] and Ching and Carter [1974] , as shown in Figures 2-5 . However, the locations of the equatorial maximum predicated by NRLMSISE-00 in different seasons are different from those obtained from CHAMP results and the magnitudes of the NEMA are also significantly smaller than the CHAMP ones. More observations are needed to further determine the variations of both the location and magnitude of the NEMA.
Differences Between Daytime and Nighttime Equatorial Mass Anomalies
[23] The nighttime equatorial mass density anomaly (NEMA) shown in this paper is distinctly different from the daytime equatorial mass density anomaly (EMA) reported before [Philbrick and McIsaac, 1972; Hedin and Mayr, 1973; Liu et al., 2005 Liu et al., , 2007 and shown in Figures 2-3 in Figure 6 . Local time variations of the normalized mass density (385 km) in different seasons for solar (left) maximum and (right) minimum conditions. Each season includes 91 days centered at either equinox or solstice. this paper. First, daytime EMA has mass density minima around the geomagnetic equator and density maxima in the equatorial anomaly regions, the longitudinal/local time structure of the daytime EMA is mostly aligned with geomagnetic latitudes; whereas NEMA has maxima around the geographic equator and density minima around ±30°in geographic latitude, there is no clear correlation between the morphology of the NEMA and geomagnetic latitudes. Second, the seasonal variations of the NEMA and daytime EMA are different. Daytime EMA is more pronounced during equinox seasons, whereas NEMA appears to be stronger during solstices. Third, the strength of the daytime EMA increases with solar activity, whereas that of the NEMA is stronger during solar minimum.
[24] The different morphology and variability between these two phenomena suggest that they are probably produced by different processes. The location and magnitude of the daytime EMA are closely related to those of the ionospheric equatorial anomaly, suggesting that ion-neutral coupling is probably involved. In particular, it has been suggested that the large ion drag at latitudes of high electron densities of equatorial ionization anomaly on zonal winds could enhance local daytime neutral temperature and density [Hedin and Mayr, 1973; Raghavarao et al., 1991] . FullerRowell et al. [1997] proposed through model simulations that E region chemical heating by charge exchange of O + ions might be the cause of the EMA. Maruyama et al. [2003] showed that the enhanced field-aligned parallel ion drag in the equatorial anomaly region could also play an important role in producing daytime EMA. Most of these proposed physical processes that may contribute to the formation of daytime EMA are related to the ion-neutral coupling in the thermosphere-ionosphere system.
[25] The thermospheric nighttime equatorial mass anomaly, on the other hand, does not appear to be significantly related to the ion-neutral coupling process. One important factor for this is that ion drag becomes small as ionospheric electron densities deplete after sunset. Our results from CHAMP observations also did not show evident geomagnetic configuration control of the NEMA. Both density measurements along individual satellite orbits (Figure 1 ) and monthly means from statistical analysis (Figures 4 and 7) show that equatorial density peaks are largely collocated with the geographic equator, not the geomagnetic equator. Thus, other physical mechanisms should be the major drivers for the NEMA, although ion-neutral coupling may still contribute to the process.
TIMEGCM Simulation of the Nighttime Equatorial Mass Anomaly
[26] In this section we show model simulations of the latitudinal changes of the thermospheric mass density using the NCAR-TIMEGCM and compare model results with CHAMP observations. The NCAR-TIMEGCM is a timedependent, three-dimensional model that solves the fully coupled, nonlinear, hydrodynamic, thermodynamic, and continuity equations of the neutral gas self-consistently with the ion energy, ion momentum, and ion continuity equations form the upper stratosphere to the thermosphere. It combines all previous features of the NCAR-Global Circulation Models (GCMs) including self-consistent, fully coupled thermosphere and ionosphere, and electrodynamics driven by the neutral wind circulation [Roble et al., 1988; Richmond et al., 1992; Roble and Ridley, 1994] . The TIMEGCM predicts global winds, temperatures, major and minor species composition, electron and ion densities and temperatures, and ionospheric dynamo electric field. The gravity wave effects are parameterized based on the linear saturation theory of Lindzen [1981] .
[27] For the results presented in this paper, the horizontal resolution of the TIMEGCM was 2.5°× 2.5°, and the vertical resolution was a quarter of the scale height. The amplitudes and phases of tides from the lower atmosphere were specified by the Global Scale Wave Model (GSWM02) [Hagan et al., 1999; Forbes, 2002, 2003 ] at the lower boundary of the model. Migrating tidal components up to wave number 6 were included, and nonmigrating tides were not specified. The day of year for the model run was 80, corresponding to the March equinox. The solar EUV radiation was parameterized using the F 10.7 index with a value of 75 for solar minimum and quiet geomagnetic conditions. We also performed model runs with the lower boundary condition being specified with both migrating and nonmigrating tides. The results are very similar to those driven only by migrating tides, indicating that nonmigrating tides may not be of critical importance to the phenomenon discussed in this paper. Thus, we only present here the results from model runs driven by migrating tides at the lower boundary.
[28] Variation of the thermospheric density similar to the CHAMP observation around midnight is seen in the TIMEGCM simulation. Figure 8a shows the mass density at 350 km. The density maximum at the geographic equator occurred between 2300 and 0300 LT, with the density minimum during this time at 20°-30°latitude. Both the density maximum and minimum showed an apparent progression to higher latitudes with local time, which was consistent with the local time and latitudinal variations in the CHAMP data shown in Figure 6 (top left) under similar conditions. The largest contrast with the equatorial maximum occurred at ∼0100 LT, and the minimum density was ∼75% of the equatorial maximum. The density minimum in the Northern Hemisphere was also deeper than the Southern Hemisphere one, a feature was also seen in the CHAMP data for solar minimum March equinox conditions ( Figure 6 ).
[29] Thus, the latitudinal and local time features of TIMEGCM-simulated neutral density are in good agreement with the CHAMP observations. Figure 8b shows the latitudealtitude profile of the thermospheric density, normalized by the equatorial density at respective altitudes, at local midnight from the same TIMEGCM simulation. It is evident from Figure 8b that, relative to low and midlatitudes (up to 50°in latitude), the equatorial density was larger above 270 km, between 125 and 160 km, and below 110 km, and was smaller between 160-270 km and 110-125 km. This alternating pattern with altitude indicates the tidal nature of the density variation.
[30] The possible connection to tides is also suggested by examining the temperature variation from TIMEGCM. Figure 8c gives a global distribution of the thermospheric temperature between 2200 and 0600 LT at 350 km, a temperature maximum is seen around midnight and the geographic equator, which was ∼90 K warmer than the minimum at 30°latitude, and ∼50 K warmer than the minimum equatorial density at several hours later and earlier. At local times after midnight, the temperature maximum migrated to higher latitudes. These are features typical of the midnight temperature maximum (MTM) [e.g., Herrero and Spencer, 1982; Colerico and Mendillo, 2002] , which according to the analysis by Akmaev et al. [2009 Akmaev et al. [ , 2010 and Miyoshi et al. [2009] is probably caused by tidal waves. They suggested that superposition of tides, including the high order (wave number) components, were the most likely sources of the MTM. In our simulation, the latitude and local time/longitude patterns of the mass density resemble those of the neutral temperature with ∼1 h phase lag by comparing Figures 8a and 8c . This similarity suggests that NEMA is closely associated with MTM and thus also likely caused by superposition of tides.
[31] Similar temperature and density structures around midnight are also seen in simulations of the Whole Atmosphere Community Climate Model with thermosphere extension (WACCMX) (not shown) (H.-L. Liu et al., Thermosphere Extension of the Whole Atmosphere Community Climate Model, submitted to Journal of Geophysical Research, 2010), although these structures are more variable and not as symmetric with respect to the geographic equator as those in the TIMEGCM simulations. Like those models in the studies by Akmaev et al. [2009] and Miyoshi et al. [2009] , WACCMX is a GCM extending from the Earth surface to the upper thermosphere and both migrating and nonmigrating tides are internally generated. It is worth noting that, although photoionization and ion chemistry are included in WACCMX, ion-neutral coupling through electrodynamics is not. Therefore, ion-neutral coupling does not play a role in producing MTM and NEMA in WACCMX.
[32] MTM has been simulated previously used the NCAR-TIEGCM by Fesen [1996] and Fesen et al. [2002] by specifying diurnal and semidiurnal migrating tides at the model lower boundary of 97 km. Their results showed signatures of MTM, but the amplitudes were much weaker than those from observations [Colerico and Mendillo, 2002; Meriwether et al., 2008] . In this study, we obtained from the TIMEGCM simulation roughly the same magnitude (∼50 K) of the MTM as that from observations, albeit in a statistical and climatological sense. The differences between these simulations are that we used a higher resolution grid (by a factor of two) both horizontally and vertically that helped reducing numerical damping and better representing tides. In addition, higher order modes up to wave number 6 of both diurnal and semidiurnal tides are included in our simulation. As suggested by Akmaev et al. [2009] and Miyoshi et al. [2009] , high-order tides appeared to be critical to the formation of the MTM and, consequently, the nighttime neutral mass density anomaly.
[33] Our results are consistent with those reported by Forbes et al. [2008] and Liu et al. [2009] that suggested that the nighttime neutral density maxima at the equator might be related to the terminator waves. Miyoshi et al. [2009] showed that terminator waves seen in the thermosphere were likely the superposition of high-order tides with wave number 4-6 in the lower atmosphere and propagated upward. They also showed that contribution of the terminator waves to the MTM was about half of that from semidiurnal tides. Our results demonstrated that TIMEGCM driven by aggregated tidal perturbations associated with migrating tides of wave number up to 6 could reproduce the climatological features in the observed NEMA and MTM. The issues, such as the relative contributions of each mode to NEMA and MTM, and nonlinear interaction of these modes and their effect on terminator waves, will be the subject for further investigation.
Conclusion
[34] Thermospheric densities derived from the CHAMP accelerometer measurements between 2002 and 2007 have been used to study the latitudinal variations of the nighttime neutral densities at low and middle latitudes. We show that the nighttime thermospheric mass density between 2300 and 0400 LT had a clear latitudinal variation. There was a peak around the geographic equator and two minima at about ±30°. This anomalous behavior of the nighttime thermospheric mass density had strong local time, seasonal, hemispheric, and solar cycle dependences. The largest crestto-trough ratio between the peak density at the equator and the minima at the anomaly latitudes (±30°) occurred around 0200 LT. The NEMA was most pronounced in solstice, which was different from the seasonal variations of the daytime equatorial mass anomaly. The NEMA was also stronger during solar minimum than during solar maximum.
[35] A high-resolution TIMEGCM simulation reproduced most of the observed latitudinal and local time variations of the nighttime mass density for solar minimum March equinox conditions. The model results indicated that the NEMA is related to the well-known MTM that is also seen in the model simulations. Superposition of migrating tides, including high-order components, is the plausible cause of both the NEMA and MTM phenomena.
